In order to study the mechanics and acoustic emission (AE) characteristics of fractured rock under water-rock interaction, dried and saturated sandstone samples with prefabricated double parallel cracks were prepared. Then, uniaxial compression experiments were performed to obtain their AE signals and crack propagation images. The results show that water reduces the strength and fracture toughness of fractured sandstone and enhances plasticity. After saturation, the samples start to crack earlier; the cracks grow slowly; the failure mode is transformed from shear failure along the prefabricated cracks to combined shear and tensile failure; more secondary cracks are produced. The saturated samples release less elastic energy and weaker AE signals in the whole failure process. However, their AE precursor information is more obvious and advanced, and their AE sources are more widely distributed. Compared with dry specimens, the AE frequencies of saturated specimens in the early stage of loading are distributed in a lower frequency domain. Besides, the saturated samples release less complex AE signals which are dominated by small-scale signals with weaker multi-fractal characteristics. After discussion and analysis, it is pointed out that this may be because water makes rock prone to inter-granular fracture rather than trans-granular fracture. The water lubrication also may reduce the amplitude of middle-frequency band signals produced by the friction on the fracture surface. Multi-fractal parameters can provide more abundant precursory information for rock fracture. This is of great significance to the stability of water-bearing fractured rock mass and its monitoring, and is conducive to the safe exploitation of deep energy.
Introduction
Due to the exhaustion of shallow resources, the exploitation of mineral resources and oil-gas energy has gradually entered the deep part of the Earth. Deep energy exploitation means that the rock mass is in a more complex geomechanical environment [1, 2] . In order to ensure the safe exploitation of energy, the mechanism of rock failure and instability monitoring has gradually become the focus of attention and research [3] .
Water can significantly affect the mechanical properties of rocks, especially sedimentary rocks containing clay minerals such as sandstone and shale [4, 5] . Current studies show that with the increase of water content, the uniaxial compressive strength, elastic modulus and tensile strength of rocks all decrease to varying extents [6] . The pre-peak region of stress-strain curve of saturated rock specimens shows strong non-linear characteristics [7] . Verstrynge et al. [8] pointed out that the continuity of bonding is the main factor leading to the strength reduction of hydrated iron sandstones. With regard to the effect of water on crack growth, Roy et al. [9] through notched semi-circular bending (NSCB) tests showed that the fracture characteristics of rocks decreased with the increase of water saturation. Zhou et al. [10] quantitatively measured the fracture toughness and crack growth rate of sandstone with different water content in NSCB process. Therefore, the influence of water should be fully considered in the study of rock mass stability. The acoustic emissions (AE) of rocks are signals released in the form of an elastic wave by a part of the strain energy when the rock breaks under external loads [11, 12] . AE signals contain abundant rock fracture information. Acoustic emission signal analysis methods mainly include time series parameter analysis methods and waveform analysis methods. The parameter analysis method is the most widely used method to invert the stress state of rock mass by counting, energy and other time-varying parameters. Waveform analysis mainly uses a fast Fourier transform (FFT) to transform signals from time domain to frequency domain, and reveals the characteristics of rock fracture evolution through frequency domain distribution [13] [14] [15] . These different parameters can reflect the development of cracks and the macroscopic and microscopic scales of fractures in rocks from different perspectives. As a non-destructive testing method, it is widely used for monitoring rock stability in engineering practice [16, 17] . Because of the non-linear and multi-scale characteristics of rock mass fracture, AE signals show typical multi-fractal characteristics in the time domain [18] . With the help of dynamic time-varying law of multi-fractal spectrum parameters, the macro-micro mechanism of rock fracture can be deeply excavated, and more abundant parameters and information can be provided for rock mass stability monitoring in engineering practice [19] . On the issue of AE monitoring of water-bearing rocks, previous studies have pointed out that the elastic energy released during material failure under water softening is less and the AE signal is weakened [10, 20] . However, the related studies are basically limited to the analysis of acoustic emission time series characteristic parameters, the specific weakening mechanism still needs to be further explored. Through multi-parameter analysis of AE signals, especially the multi-fractal parameters analysis, the influence of water on macroscopic and microscopic failure modes and AE response of fractured rocks can be revealed in depth. Moreover, the multi-fractal parameters have great application prospects in the detection of stability of aquifer rock mass in engineering field.
In engineering practice, various fault structures, joints and fissures of rock mass will cause local stress concentration. The process of initiation, expansion, overlap and penetration of these discontinuities is the main manifestation of rock mass instability and failure [21] . Therefore, the study of mechanical behavior of fractured rock mass under load and its signal monitoring are related to the stability and safety of the project. To address this issue, many scholars have carried out a series of experiments by making prefabricated cracks with different shapes, quantities and arrangements [22] [23] [24] [25] [26] . Therefore, in this study, the sandstones commonly exist in practice filed were adopted to make samples with prefabricated double parallel cracks, and then the samples were separately dried and saturated with water. Next, uniaxial compression experiments were performed to observe the process and AE signals of crack initiation, development and penetration and analyze the time series and frequency domain characteristics of AE signals. Furthermore, based on the time-variant multi-fractal theory, differences in AE signals of saturated and dried samples in the failure process were further explored. The effect of water on rock micro-fracture mode and corresponding acoustic emission signal response were discussed. This is of great significance to investigate the stability of water-bearing fractured rock mass and its monitoring, and is conducive to the safe exploitation of deep energy. 
Experimental Samples, Schemes and Results

Sample Preparation
The rock samples used in the experiment, which corresponded to white sandstone, were taken from Renshou County, Sichuan Province, China. The large rock mass was processed along the same direction by a cutting machine into samples which were 60 mm long, 30 mm wide and 120 mm high. The ends of samples were flattened with a double-sided grinder to make the unevenness less than 0.2 mm. Then, two 2-mm-wide parallel cracks penetrating the sample were machined using a wire cutter. The position and parameters of the cracks are shown in Figure 1 . After the preparation of prefabricated cracks, we selected samples without any other visible damage.
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Experimental Samples, Schemes and Results
Sample Preparation
The rock samples used in the experiment, which corresponded to white sandstone, were taken from Renshou County, Sichuan Province, China. The large rock mass was processed along the same direction by a cutting machine into samples which were 60 mm long, 30 mm wide and 120 mm high. The ends of samples were flattened with a double-sided grinder to make the unevenness less than 0.2 mm. Then, two 2-mm-wide parallel cracks penetrating the sample were machined using a wire cutter. The position and parameters of the cracks are shown in Figure 1 . After the preparation of prefabricated cracks, we selected samples without any other visible damage. Ten samples were selected for the experiment and divided into two groups. One group was placed in a constant temperature drying oven at 105 °C to be dried for 24 h, after which the samples were taken out to cool naturally. Meanwhile, their masses and longitudinal wave velocities were measured using a ZBL-U520 non-metal detector. The other group was placed in a container and completely submerged by water, during which the samples were weighed Ten samples were selected for the experiment and divided into two groups. One group was placed in a constant temperature drying oven at 105 • C to be dried for 24 h, after which the samples were taken out to cool naturally. Meanwhile, their masses and longitudinal wave velocities were measured using a ZBL-U520 non-metal detector. The other group was placed in a container and completely submerged by water, during which the samples were weighed regularly. After they reached the natural saturated state, their masses and longitudinal wave velocities were measured. The test results are given in Table 1 . The average moisture content of the saturated samples was 3.25%. The samples did not vary notably, with basically the same velocities. The wave velocity increased by about 10.27% after saturation. The dried samples were numbered as DS1-5, while the saturated ones were numbered as SS1-5.
Experimental System
The experimental system mainly includes a loading system, an AE acquisition system and an image acquisition system, as presented in Figure 2 . The loading system is a new SANS microcomputer-controlled electro-hydraulic servo press testing machine consisting of a press, a DCS controller and a PowerTest V3.3 control program. The AE acquisition system is a 24-channel Micro-II AE monitoring host produced by Physical Acoustics Corporation (Princeton, NJ, USA). Equipped with AE probes, the system can not only collect AE time domain parameters and original waveform data in real time through the Rock Test for Express-8 software, but also realize functions such as spectrum analysis and three-dimensional positioning of AE events. The image is captured by a high resolution industrial camera (Prosilica Gc2450 produced by AVT, Stadtroda, Germany) equipped with a matching ultra-high precision 10 megapixel lens (LM5JC10M, KOWA, Nagoya, Japan). In addition, a stable light source is used to supplement the light for clearly capturing the image of crack propagation in fractured sandstone.
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Experimental Procedure
In order to locate the AE, eight AE probes with a central frequency of 150 kHz were arranged at different positions of the sample. The coordinate positions are illustrated in Figure  1 . To reduce signal attenuation, appropriate amount of special coupling agent was applied to Figure 2 . Schematic and physical diagrams of the experimental system (1-Samples and AE probes; 2-AE Preamplifier; 3-Experimental press; 4-Industrial camera and light supplementary lamp; 5-Image acquisition system; 6-AE acquisition system; 7-Loading system). 
In order to locate the AE, eight AE probes with a central frequency of 150 kHz were arranged at different positions of the sample. The coordinate positions are illustrated in Figure 1 . To reduce signal attenuation, appropriate amount of special coupling agent was applied to the joints between AE probes and the sample. Then, the equipment lines were connected and debugged. The amplification factor, the threshold value and the sampling rate of AE acquisition were set to 40 dB, 45 dB and 2 MSPS, respectively. A lead-breaking experiment was carried out before the test to ensure the accuracy of AE acquisition. The press was load-controlled with a loading rate of 200 N/S. The press, AE acquisition and image acquisition started simultaneously until the sample was destroyed. After the experiment, the collected data and images were processed and analyzed.
Experimental Results
The main test results of all dried and saturated fractured sandstone samples are given in Table 1 . In the table, the peak strain denotes the strain corresponding to the uniaxial compressive strength; and the cracking stress level stands for the ratio of the stress to the uniaxial compressive strength at the crack initiation of pre-fabricated cracks in the samples. The uniaxial compressive strengths and elastic moduli of saturated fractured sandstone samples decrease by about 29.63% and 35.44%, respectively. Peak strains of the saturated samples are about 1.32 times those of the dried samples, and the cracking stress levels of the saturated ones are about 25% lower than those of the dried ones. The AE peak counts and cumulative counts of the saturated samples are about 39.09% and 17.93% of the dried ones, respectively.
Mechanical Behavior
Stress-Strain Characteristics
The mechanical characteristics of saturated and dried fractured sandstone under uniaxial compression were analyzed by taking four samples DS1, DS2, SS1 and SS2 as examples. Figure 3 exhibits the samples' stress-strain curves which can be roughly divided into four stages according to the crack growth process: the compaction stage (Stage I), the crack initiation and stable development stage (Stage II), the crack accelerated growth stage (Stage III) and the failure stage (Stage IV). In Figure 3 , SS1 is used as an example to divide the stages. In the compaction stage, the stress-strain curve is concave. In Stage II, the samples mainly undergo elastic deformation, so the curve is smooth and straight. Secondary micro-cracks are generated and developed slowly in the compacted rock in this stage, and the saturated samples even exhibit macro-crack growth at the later stage. In Stage III, the samples demonstrate obvious yield characteristics. With their deformation rates obviously accelerated, the cracks extend at higher rates and converge to form local macro-cracks. Compared with the dried samples, the saturated ones exhibit more obvious characteristics of Stage III and have higher deformation rate, larger deformation amount and more obvious crack growth. The saturated specimens enter the stage III when the stress level reaches about 80% of the peak strength, while the dry specimens are above 90%.
Failure Mode
The final failure modes of dried and saturated samples under uniaxial compression are shown in Figure 4 . The two kinds of samples both start to crack from the stress concentration zone at the inner ends of the two prefabricated cracks, after which the cracks connect to form a rock bridge crack and expand gradually at the outer end until the samples fail and lose stability. The dried samples undergo a typical shear failure as their cracks expand and slip, so do the saturated samples. However, the saturated samples also form typical tensile cracks along the loading direction at the outer end of the prefabricated cracks, and there are many secondary micro-cracks in them. The water-induced deterioration of rock samples reduces the cohesive force between the internal particles and decreases the fracture toughness and crack growth rate [10] . Therefore, compared with the dried samples, the saturated ones show the characteristics of early cracking, continuous and slow crack growth, and more diverse crack modes in the fracture process.
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AE Response
AE Time Series Characteristics
The parameter AE count was used to study the AE time series characteristics in the failure process of dried and saturated fractured sandstone. AE count-time characteristics and crack growth images at different stress levels ( being uniaxial compressive strength) are presented in Figure 5 where time is divided into stages according to stress-strain characteristics. The saturated samples release less elastic energy during their fracturing, and their AE is weakened [10] . On the whole, the AE counts of saturated samples stabilize at a low level during the loading, and their cumulative counts increase slowly. In contrast, the dried samples release more abundant AE signals and constantly experience small rupture events with higher levels of AE counts, and their cumulative 
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is divided into stages according to stress-strain characteristics. The saturated samples release less elastic energy during their fracturing, and their AE is weakened [10] . On the whole, the AE counts of saturated samples stabilize at a low level during the loading, and their cumulative counts increase slowly. In contrast, the dried samples release more abundant AE signals and constantly experience small rupture events with higher levels of AE counts, and their cumulative counts grow at relatively high rates. In stage III, the samples undergo a large amount of plastic deformation and fracture, and crack growth accelerates. As a result, AE signals increase obviously. The saturated samples enter this stage earlier, and AE signals begin to increase earlier correspondingly. The results are similar to the research results of Liu et al. [27] which reveal that water stimulates the generation of AE. The AE precursor of saturated fractured sandstone comes earlier and is more obvious, which is very helpful for the monitoring and early warning of rock failure and instability. The dried samples start to crack later, without obvious crack and AE precursor characteristics. After the peak stress is reached, the cracks are connected instantaneously, with strong impact tendency. The AE increases sharply at the moment of rupture, reaching the peak value. In contrast, for the saturated samples, the cracks develop earlier and expand gradually, with weak impact tendency. Their AE peak values at the moment of rupture are much lower than those of the dried samples. 
AE Frequency Domain Characteristics
In this paper, the waveforms loaded to different stress levels during the deformation and fracture of saturated and dried fractured sandstone samples were processed by using the Fourier analysis method. The spectra of different stress levels are shown in Figure 6 . As the loading goes on, the AE amplitudes of the dried and saturated samples both increase gradually, and the main frequency amplitudes of the saturated samples are always smaller than those of the dried ones. The main frequency of AE distributes in obvious varying bands which can be roughly divided into 0-50 KHz (low frequency band), 75-125 KHz (middle frequency band), and 150-200 KHz (high frequency band). AE frequency distribution of dry specimens is wider in the early and middle stages of loading. In this process, the frequencies of the saturated samples are mainly distributed in the middle and low frequency bands, due principally to the water-induced change in the microscopic fracture mode, which will be described in detail in the following section. When the loading reaches the peak stress, the samples undergo macroscopic large-scale fracturing, and the AE shows the characteristics of low frequency and high amplitude, which is consistent with the results of Lu et al. [28] . band). AE frequency distribution of dry specimens is wider in the early and middle stages of loading. In this process, the frequencies of the saturated samples are mainly distributed in the middle and low frequency bands, due principally to the water-induced change in the microscopic fracture mode, which will be described in detail in the following section. When the loading reaches the peak stress, the samples undergo macroscopic large-scale fracturing, and the AE shows the characteristics of low frequency and high amplitude, which is consistent with the results of Lu et al. [28] . 
AE Source Distribution and Evolution Characteristics
AE location technology can capture the source location and development process of AE event and help to intuitively locate the source of rock failure and instability danger in engineering practice. The effect of water should also be fully considered in the application of this technology. The experimental monitoring results are shown in Figure 7 . The evolution of AE source is basically consistent with the actual crack propagation and damage evolution of the sample. In addition to the dense AE events at the macroscopic crack locations, the AE sources of the saturated samples are more widely distributed at other locations. This is related to the water-induced deterioration of rock: Water mesoscopically softens and damages the whole rock sample at different locations, leading to the occurrence of some rupture events during the loading.
(a) Figure 6 . Evolution process of AE spectrum.
AE location technology can capture the source location and development process of AE event and help to intuitively locate the source of rock failure and instability danger in engineering practice. The effect of water should also be fully considered in the application of this technology. The experimental monitoring results are shown in Figure 7 . The evolution of AE source is basically consistent with the actual crack propagation and damage evolution of the sample. In addition to the dense AE events at the macroscopic crack locations, the AE sources of the saturated samples are more widely distributed at other locations. This is related to the water-induced deterioration of rock: Water mesoscopically softens and damages the whole rock sample at different locations, leading to the occurrence of some rupture events during the loading. 
(a) 
AE Time-variable Multi-fractal Characteristics
The AE signals of fractured sandstone throughout the loading process by means of the commonly used window multi-fractal singular spectrum [29, 30] . It is assumed that the time sequence and time sub-sequence of AE signal are {yi} and {xi}, respectively; and the total time of AE is T. If the time interval of data acquisition is Δt in the time window lt, then the AE time series set Xm in lt is:
where n is a positive integer.
The multi-fractal spectrum of AE time series is calculated by the method of box-counting dimension. The dynamic fractal singularity index at time = + ∆ is:
where ( ) is the defined partition function, i.e. statistical moment; ( ) is the quality index of the time Tm, and the multi-fractal spectrum tends to be stable when | | reaches a certain value in calculation; is the singularity index which reflects the non-uniformity degree of probability subset; ( ) , namely, the non-uniformity degree of subset, is the frequency at which the represented subset appears in the entire subset set.
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where X q (ε) is the defined partition function, i.e. statistical moment; τ m (q) is the quality index of the time T m , and the multi-fractal spectrum tends to be stable when q reaches a certain value in calculation; a m is the singularity index which reflects the non-uniformity degree of probability subset; f m (a), namely, the non-uniformity degree of a m subset, is the frequency at which the represented subset appears in the entire subset set. The multi-fractal spectrum f m (a)-a m can reflect the non-uniform distribution of signals. The larger the spectrum width ∆a m = a m max − a m min is, the greater the difference of signal distribution and the more obvious the multi-fractal characteristics are. ∆ f m = f (a m max ) − f (a m min ) reflects the relationship between the occurrence frequencies of large and small signals. The smaller the ∆ f m is, the larger the proportion of large-scale rupture signals gets, and vice versa. ∆ f m can also be used to measure the proportion of strong and weak AE generation mechanisms. ∆ f m > 0 indicates that weak micro-generation mechanism dominates, while ∆ f m < 0 indicates that strong micro-generation mechanism dominates. The above equations are programmed and calculated using the MATLAB software. Taking DS1 and SS1 as examples, the calculation results are shown in Figures 8 and 9. Energies 2018, 11, x FOR PEER REVIEW 8 of 18
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(a) Figure 8 . AE multi-fractal spectrum of the whole loading process. For the dry samples, as the loading goes on, ∆a rises with fluctuations; AE exhibits more and more obvious fractal characteristics; ∆f decreases with fluctuations; and the proportion of large-scale signals increases gradually. When the samples rupture and lose stability, ∆a reaches a maximum of 0.81, and ∆f reaches a minimum of −0.52. Compared with dried samples, the saturated ones have weaker multi-fractal characteristics and complexity of signals as a whole. Besides, the small-scale signals dominate. In Stage II, the ∆a values of saturated samples are small and do not change much, and the ∆f values also basically maintain at around 0. ∆a and ∆f do not fluctuate obviously until the stage of crack accelerated expansion. During the rapture, ∆a reaches a maximum of 0.45, and ∆f reaches a minimum of −0.32. The difference in AE multi-fractal characteristics of the saturated and dried samples reflects the different macroscopic and microscopic fracture scales. Firstly, the more brittle dried samples release greater elastic energy released during the rupture, so the strong AE signals account for a larger proportion. Secondly, the simpler microscopic form of rupture of saturated samples results in the weaker complexity of AE signals. The rise of ∆a and the decrease of ∆f can also be used as precursors for rock failure. Besides, the two parameters of the saturated samples are also more notable than those of the dried ones, because they enter phase III earlier and undergo more plastic deformation and rupture, to which the AE responds significantly.
Discussion
On the issue of water-rock interaction, scholars generally believe that the effect of water on the mechanical properties and crack propagation of rock mass is a joint result of the combination of physics, chemistry and mechanics [31] [32] [33] [34] . The degradation mechanism can be summarized as follows: the ion exchange and adsorption between water and rock chemically corrodes the rock. The internal cementing material swells when it encounters water, resulting in expansive stress. Moreover, the material can be easily eroded by water to weaken the bond between the particles. As the dissolved minerals enable more water fill the fracture, they accelerate the erosion of micro-crack tips and increase the stress of micro-crack tips, which contributes to the further development of degradation. Therefore, under the action of water-rock interaction, the macroscopic and microscopic modes of rock For the dry samples, as the loading goes on, ∆a rises with fluctuations; AE exhibits more and more obvious fractal characteristics; ∆f decreases with fluctuations; and the proportion of large-scale signals increases gradually. When the samples rupture and lose stability, ∆a reaches a maximum of 0.81, and ∆f reaches a minimum of −0.52. Compared with dried samples, the saturated ones have weaker multi-fractal characteristics and complexity of signals as a whole. Besides, the small-scale signals dominate. In Stage II, the ∆a values of saturated samples are small and do not change much, and the ∆f values also basically maintain at around 0. ∆a and ∆f do not fluctuate obviously until the stage of crack accelerated expansion. During the rapture, ∆a reaches a maximum of 0.45, and ∆f reaches a minimum of −0.32. The difference in AE multi-fractal characteristics of the saturated and dried samples reflects the different macroscopic and microscopic fracture scales. Firstly, the more brittle dried samples release greater elastic energy released during the rupture, so the strong AE signals account for a larger proportion. Secondly, the simpler microscopic form of rupture of saturated samples results in the weaker complexity of AE signals. The rise of ∆a and the decrease of ∆f can also be used as precursors for rock failure. Besides, the two parameters of the saturated samples are also more notable than those of the dried ones, because they enter phase III earlier and undergo more plastic deformation and rupture, to which the AE responds significantly.
On the issue of water-rock interaction, scholars generally believe that the effect of water on the mechanical properties and crack propagation of rock mass is a joint result of the combination of physics, chemistry and mechanics [31] [32] [33] [34] . The degradation mechanism can be summarized as follows: the ion exchange and adsorption between water and rock chemically corrodes the rock. The internal cementing material swells when it encounters water, resulting in expansive stress. Moreover, the material can be easily eroded by water to weaken the bond between the particles. As the dissolved minerals enable more water fill the fracture, they accelerate the erosion of micro-crack tips and increase the stress of micro-crack tips, which contributes to the further development of degradation. Therefore, under the action of water-rock interaction, the macroscopic and microscopic modes of rock failure will both change. As illustrated in Figure 10 , after the samples are saturated with water, they are more likely to undergo inter-granular fracture because of the water-induced dissolution of inter-granular cementing material. In addition, the saturated samples have less trans-granular fractures and simpler micro-fracture modes. This is also the microscopic reason for the weak multi-fractal characteristics of AE from water saturated samples. In the initial stage of loading, the samples mainly produce micro-cracks in the lattice range. Generally speaking, trans-granular fracture produces greater AE signal energy than inter-granular fracture [35, 36] . At the initial stage of loading, there are differences in the frequency distribution and amplitude of AE between dry and saturated samples. The difference in the AE intensity can also suggests that the micro-fracture mode of samples transforms from trans-granular fracture to inter-granular fracture. Zhu et al. [37] believed that the middle frequency signals were mainly related to cross-sectional friction, which agrees with the experimental results. The samples mainly undergo shear failure, and much friction and slip of fracture surface, producing many middle frequency signals accordingly. Moreover, due to the lubrication of water, the signal amplitudes of saturated samples are also weaker than those of dried samples in the middle frequency band.
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Conclusions
(1) After saturation, the strength and fracture toughness of sandstone samples are reduced and the plasticity is enhanced. Compared with the dried samples, the saturated ones start to crack earlier and have cracks that grow more slowly. For the saturated samples, the failure mode transforms from shear failure along prefabricated cracks to shear and tensile combined failure, and many cracks are generated in the process of deformation and failure.
(2) On the whole, the saturated samples have weaker AE signals than the dried samples, with lower level of AE counts, slowly increasing cumulative counts and less peak counts. Water enables the samples to undergo plastic failure earlier and enhances and advances the AE precursor signals, which is conducive to the monitoring and early warning of rock mass stability in engineering. AE sources of saturated samples are more widely distributed. Rock loading in laboratory and rock mass instability in engineering practice are both processes of stress concentration and stress concentration and energy release in rock mass, but with different scales. Therefore, testing the AE signal of rock sample failure in the laboratory can provide sufficient guidance for rock mass stability detection in engineering practice [38] . For example, the AE frequency distribution in the process of water-saturated sandstone fracture is in a lower frequency band, which means that the water content in rock mass should be fully considered in the selection of AE detection frequency band in engineering practice. Moreover, whether in laboratory or in engineering site, the test value of AE is closely related to the test equipment, rock properties and site environment. And it is difficult to measure by a unified value. Therefore, in-depth data deconstruction and analysis of non-linear characteristics of AE are very helpful to improve the accuracy of stability prediction. Multi-fractal parameters also provide more abundant parameter information for judging the stability of aquifer rock mass, which has great application value in engineering practice.
(2) On the whole, the saturated samples have weaker AE signals than the dried samples, with lower level of AE counts, slowly increasing cumulative counts and less peak counts. Water enables the samples to undergo plastic failure earlier and enhances and advances the AE precursor signals, which is conducive to the monitoring and early warning of rock mass stability in engineering. AE sources of saturated samples are more widely distributed.
(3) Compared with the dry samples, AE signals of saturated samples are mainly distributed in the lower frequency bands in the early stage of loading. This may be because the water intrusion transforms the micro microscopic fracture mode of rocks from trans-granular fracture to inter-granular fractures. The water lubrication may also reduce the amplitude of middle frequency signals produced by the friction on the fracture surface.
(4) In light of the time-variable multi-fractal theory, the AE time series signals of dried and saturated samples were deconstructed. It is found that saturated samples have weaker multi-fractal characteristics, a simpler microscopic fracture mode and a smaller proportion of large-scale signals. Besides, the multi-fractal parameters ∆a and ∆f of the saturated samples do not rise and fall significantly until the accelerated crack propagation stage, which can be used as the precursor information of rock failure and instability. 
